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Foreword

This publication contains 90 extended abstracts™ of papers from 13 countries presented at the
Second International Symposium on Dynamics of Fluids in Fractured Rock, held at Lawrence
Berkeley National Laboratory (Berkeley Lab) February 10-12, 2004.

The challenge of adequately characterizing fluid flow and chemical transport in fractured media
is a formidable one for geoscientists and engineers. Understanding fluid dynamics and transport
through fractured rock is crucial for the exploitation of petroleum and geothermal reservoirs, the
safe environmental management of groundwater, and the isolation of radioactive waste in
underground repositories. The Second International Symposium on Dynamics of Fluids in
Fractured Rock provides an occasion for review, and a forum for discussion, of the most recent
theoretical and experimental investigations and modeling studies.

The First International Symposium on Dynamics of Fluids in Fractured Rocks: Concepts and
Recent Advances was held at Berkeley Lab on February 10-12, 1999. (Copies of the 1999
Symposium Proceedings can be obtained from Boris Faybishenko at bfayb@Ibl.gov.) The
monograph Dynamics of Fluids in Fractured Rock, containing 26 selected papers from the First
Symposium, was published by the American Geophysical Union (AGU) in the Geophysical
Monograph Series, Vol. 122, 2000.

The topics of this Second Symposium are more diverse than those of the First, and are a result of
the scientific and practical developments and progress achieved over the past five years. The
papers of the Second Symposium are related to fluid flow and chemical transport in fractured
rock, in both the unsaturated and saturated zones, including

e Recent advances in modeling, uncertainty analysis, and scaling
e Methods of field and laboratory experiments

o Investigations of coupled processes and geothermal resources, reactive chemical transport,
and microbiological processes

e Nuclear waste disposal

e Oil and gas reservoirs in fractured rock

e Magma flow

e Optimization of fractured rock investigations and data analysis

We would like to emphasize that the Second Symposium includes a number of papers on
geochemistry and chemical transport. Several papers are devoted to detailed investigations using
small-scale imaging of flow in fractures, exploiting cutting-edge technology that is essential for
better understanding of the physics of flow and transport in fractures. Other papers discuss the

* Some abstracts within this collection were prepared using U.S. government funding. As such, the government
retains a nonexclusive, royalty-free, worldwide license to use those articles for internal government purposes.
Questions regarding individual abstracts should be directed to the respective author(s).



application of geophysics on a field scale. In addition, some papers report on the intensive
experimental field and laboratory studies that have led to the improvement of conceptual models
and the development of new mathematical models for flow and transport in fractured rock. It
should also be mentioned that many of these papers, directly or indirectly, demonstrate the need
for researchers to use the wealth of experience gained from investigations of heterogeneous soils,
in particular preferential flow phenomena observed at many sites in structured and heterogeneous
soils.

We expect that the Proceedings of the Second Symposium (and accompanying CD with color
figures) will provide valuable information for different aspects of fractured-rock investigations
and will be used by governmental agencies, universities, research organizations, and private
companies in solving a variety of fundamental problems in the earth sciences.

We appreciate the support for the Second Symposium provided by Berkeley Lab. We thank
Daniel Hawkes, Julie McCullough, Kryshna Avina, and Donald Nadora of Berkeley Lab for
production of these Proceedings, and Maria Atkinson for design of the cover and creation and
updating of the Symposium website. We also thank Ed Casey of Confex, Inc., for the technical
support of the Symposium website, and Kathleen Brower and Patricia Butler of Berkeley Lab for
their organizational support.

Symposium Organizing Committee

Sally Benson, Bo Bodvarsson,

Donald DePaolo, Boris Faybishenko,

Iraj Javandel, Marcelo Lippmann,
Tadeush Patzek, and Paul A. Witherspoon

Berkeley, California
February 2004
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Development of Underground Research Laboratories for
Radioactive Waste Isolation

Paul A. Witherspoon, Earth Sciences Division
Lawrence Berkeley National Laboratory

The following report is a review of the development of underground research laboratories that
are being used to characterize the parameters of rock systems in which repositories may be
constructed for the isolation of radioactive wastes.

The Stripa project in Sweden involved the development of the first underground research
laboratory (URL) in which large-scale underground investigations were carried out in a fractured
granitic rock to develop the technology needed to characterize such a system and determine its
suitability for the purposes of radioactive waste isolation. The project started July 1, 1977, when
the Energy Research and Development Administration (ERDA) (successor to AEC and now part
of DOE) executed a bilateral agreement with the Swedish Nuclear Fuel Supply Company
(SKBF) to carry out a program of investigations at Stripa, an old iron-ore mine in central
Sweden. The Lawrence Berkeley National Laboratory (LBNL) was designated as the lead
participant for the United States. LBNL and SKBF set up a program of investigations in the
granitic rock mass, at a depth of 320 m, involving hydrogeology, geochemistry and isotope
hydrology, electric heater tests, and a large-scale permeability test. The results of this pioneering
effort in a URL in granite attracted considerable interest, and in November 1979, representatives
of Canada, Finland, Sweden, Switzerland, and the United States met in Stockholm to discuss an
expansion of this effort. This led to the development of the International Stripa Project that
continued a program of research activities at Stripa until 1992.

In 1980, the Nuclear Research Establishment (SCK/CEN) in Belgium started the development of
their HADES project at Mol, in northeastern Belgium. This was the first URL to investigate the
possibilities of using clay, the socalled “Boom clay” (Oligocene), as the host rock for a waste
repository. Exploratory drilling revealed that the Boom clay satisfied expectations; this plastic
material has good sorption capacities, a very low permeability, and low but sufficient heat
capacity. It is sufficiently thick and homogeneous, and it is chemically and mineralogically
stable. In 1980, a vertical shaft for the URL was constructed down to a depth of 245 m using a
freezing procedure to stabilze the sediments; it turned out this procedure was not needed.
Validation exercises for the modeling of different processes were launched and extensive
performance assessment exercises were carried out. The methodology was elaborated with
involvement and consensus of a large number of scientists from different countries, active in the
various fields of this multidisciplinary activity. By the end of 1999, a second shaft was
constructed to provide for a gallery to extend beyond the HADES URL for the PRACLAY
project. Two types of investigations were envisioned. One was concerned with effects of
decompression and the feasibility of digging an array of disposal galleries for a repository. That
effort was successfully completed in 2002. The other investigation was to set up a pilot gallery
with electrical heaters to investigate the effects of thermal loads, but in reviewing results to date,
SCKI/CEN has concluded that a large scale project, as initially planned, will not be possible in
the near future. Therefore, the PRACLAY experiment is now being redefined.



The URL near Pinawa, in the Province of Manitoba, has been the Canadian site for geotechnical
and hydrogeological investigations for 23 years. The URL is situated in a granite batholith
towards the western edge of the Precambrian Canadian Shield. Between 1978 and 1996, Atomic
Energy of Canada (AECL) took a lead role in developing the disposal technology. Since 1997,
Ontario Power Generation, the principle producer of nuclear fuel waste in Canada has assumed
the responsibility under its Deep Geologic Repository Technology Program. Starting in 1982,
AECL constructed the URL at Pinawa to provide a representative geological setting for
conducting research and development activities in support of the Canadian Nuclear Fuel Waste
Management Program. This involved the construction of a shaft to the 240 m level for a program
of investigations, and later to the 420 m level for an expansion of this program. The objective
was to conduct activities to support both site evaluation and underground experimentation. The
site evaluation program was to involve characterization of the rock mass, groundwater flow
systems and groundwater chemistry of the geologic environment, and the underground program
was to involve studies of the geologic barrier and the engineering components of the repository
sealing system. The results from over twenty years of investigations at the Pinawa URL have
done much to achieve these objectives.

In 1980, Nagra (National Cooperative for the Disposal of Radioactive Waste) started some
exploratory drilling operations in the Bernese Alps in southern Switzerland in what became
known as the Grimsel Test Site (GTS). They used the main access tunnel for an existing
hydroelectric station at a point, about 450 m below the surface, where they found favorable rock
(granite/granodiorite) conditions for a URL. The GTS was constructed in 1983/84 and extended
in 1996 and 1998 to accommodate a growing program of investigations. In 1990, a special
controlled zone (IAEA type B/C) was set up to allow in situ use of radionuclides. Field work at
Grimsel has been ongoing since 1983, with the aim of answering geological, hydrogeological,
geophysical, geochemical and engineering questions. The projects have been allocated to
different technical areas that are important in the process of realizing a deep geological
repository. These projects were organized in phases, and at present, the current program of
investigations is in Phase V for the period 1997-2004. The various projects that Nagra has
carried out over the years at Grimsel have generated considerable interest among other countries,
who are working on problems of radioactive waste isolation. As a result, in developing the
research program for Phase V, Nagra was able to organize an international collaboration with 19
partner organizations from 10 countries participating.

Nagra has also become very interested in exploring the possibilities of using clay formations for
disposal purposes. They have had an ongoing research program in their Mont Terri URL since
1996, with the aim of investigating the geological, hydrogeological, geochemical and
geomechanical properties of the Opalinus Clay. The URL is located in northwestern Switzerland
in an offset of the Mont Terri motorway tunnel that passes through the clay bed at a depth of
about 300 m. A layout of niches and tunnels that were excavated from a security tunnel, adjacent
to the motorway, provide access to the clay bed. The Mont Terri project was setup at the very
beginning as a collective effort. The project is steered and financed by eleven project partners
and consists of a series of experiments organized into one-year phases. The partners can propose
new experiments for each phase and decide in which experiments they wish to participate. The
steering and financing of the individual experiments are then the responsibility of the
participating partners. Experimental investigations in the Opalinus Clay have faced some unusual
problems. Since this clay layer has a high clay content (55% non-swelling, 10% swelling) and a



very high proportion of fine rock pores, it reacts on contact with water by swelling and breaking
into fine fragments at the contact surface with water. Drilling and investigation technologies
developed for hard rock such as granite cannot be used directly in the Opalinus Clay. If water is
used as a drilling fluid or in hydraulic packer tests, then boreholes in this clay often become
unstable. They show convergence due to swelling of the clay and often collapse completely. One
of the first objectives in the research program at Mont Terri has been to test and develop suitable
drilling and measurement techniques for characterizing this particular clay formation.

For almost 30 years, the Swedish Nuclear Fuel and Waste Management Co. (SKB) has been
considering what the repository will look like and what materials and technology will be used in
its design and construction. To prepare for the siting and construction of a deep repository, SKB
has built a URL on the island of Aspo outside Oskarshamn. The laboratory is designed to meet
R&D requirements and consists of a 3,600 m long tunnel going down in a spiral to a depth of
450 m. The principle alternative involves encapsulating the spent fuel in copper canisters and
embedding each canister vertically in bentonite clay at a depth of about 500m. The reference
canister consists of a 50 mm thick copper cylinder with welded-on top and bottom. A copper
canister is nearly five meters long and weighs between 25 and 27 tons when it is filled with spent
fuel. In other words, it is not easy to handle, especially not in the confined spaces that exist in the
five-meter emplacement tunnels that SKB envisions. To be able to insert a canister in a
deposition hole, SKB has developed a prototype of a remote-controlled and radiation-shielded
deposition machine, which is currently being used in emplacing and retrieving canisters at Aspo.
SKB is also testing the technology for backfilling and plugging tunnels. In 1999, SKB backfilled
and plugged a 30 m long test area in a drill-and-blast tunnel in Aspd, and during the next few
years, the sealing capacity of the backfill and plug will be monitored. Since the proposed
repository has been designed in such a way that it is possible to retrieve deposited canisters, SKB
must develop and test a method for retrieval. A full-sized canister is to be placed in a deposition
hole at Aspé and surrounded with bentonite; the main goal for this test is to develop the
procedure for freeing the canister from water-saturated bentonite. SKB is also planning to test
and demonstrate a full-scale repository at Asp6 with state-of-the-art technology over a period of
10 to 15 years. This will be done in a prototype that has been constructed in accordance with
what they call the KBS-3 design. All conditions in this prototype, with respect to geometry,
materials and rock conditions, are identical to a real repository. However, to provide the thermal
field, electric heaters will be used in place of spent fuel. The purpose of the prototype repository
is to simulate the integrated function of the repository components and to provide a full-scale
reference for comparison with models and assumptions.

The Yucca Mountain project in the US State of Nevada differs significantly from the other
projects discussed above because of its location in a desert setting, in an alternating system of
welded and nonwelded tuffs, with an arid climate and a water table that is 600 m or more below
the surface. As a result, the site for a potential radioactive waste repository that is being
investigated will be in the unsaturated zone (UZ) about 300 m below the surface. The evaluation
of the Yucca Mountain site has evolved from intensive surface-based investigations in the early
1980s to the current focus on testing in underground drifts. A wide range of activities including
drilling/excavations, testing, and modeling has been carried out in an effort to characterize the
rock mass and its behavior under repository conditions. The emphasis has been on the critical
factors that control fluid movement through an unsaturated and fractured system of tuff layers
and how this behavior may be altered by the application of heat.



The US Department of Energy selected Yucca Mountain for detailed study and initiated site
investigations in the early 1980s. A Site Characterization Plan (SCP) was completed in 1988 for
systematic surface-based investigations, underground testing, laboratory studies, and modeling
activities. The activities may be grouped into four distinct periods: (1) the early 1980s, (2) the
period from 1986 to 1991, (3) the early 1990s, and (4) the current period (mid 1990s to the
present). During the first period, the drilling of boreholes from the land surface was the main
focus. Most of the early deep boreholes were drilled away from the potential repository block
along nearby washes and were used to define the stratigraphy, locate the water table, collect
cores, and test in situ borehole monitoring techniques. The results lead to a conceptual model for
the Yucca Mountain site involving flow and transport through alternating welded and nonwelded
tuff layers, intersected by major faults. The second period, from 1986 to 1991, was devoted to
the development of characterization plans, including the formulation of quality assurance
programs. Near-surface monitoring and intensive laboratory measurements of flow and transport
parameters were carried out. Since the tuff layers are gently tilted to the east, the design of the
original shaft access for the Exploration Studies Facility (ESF) in the SCP was revised to allow a
ramp access, using nearly horizontal ramps, from the base of the eastern slope. During this
period, discrete and continuum models for fractured media were explored. The heat transfer and
thermal-hydrological (TH) modeling methodologies were also established. The third period, in
the early 1990s, launched the specific design, preparation, and excavation of the ESF for
underground access to the tuff units. Borehole drilling was resumed over the block for UZ
investigations and along the North Ramp of the ESF for design and geotechnical evaluations.
Collections of samples for hydrological and geochemical characterization (especially for **Cl
and calcite studies) were intensified, and networks of boreholes were instrumented for pneumatic
and moisture monitoring. During this period, the integration of site data into models was
initiated, and the basic probabilistic approach for total system performance assessment (TSPA)
was improved.

During the current period, the mid 1990s to the present, excavation of the main loop of the ESF
and the Cross Drift was completed, alcoves and niches (short 10 m drifts) were excavated, and
boreholes were drilled for enhanced characterization of the repository block. A Tunnel Boring
Machine (TBM) was used from 1994 to 1997, to construct the 8-m-diameter ESF approximately
8 km in length. A smaller TBM was used in 1997 and 1998 to construct a 5-m-diameter Cross
Drift that is 2.7 km in length. The alcoves and niches, in various parts of the ESF, have been
used in a comprehensive program of underground testing. The main focus of the testing activities
has been on the UZ processes that control seepage into drifts, heat transfer around drifts, and
transport through the UZ. Underground studies have evolved through stages as they develop new
emphases and different approaches. The effect of climate is another critical factor. Modern data
have been collected in and around the Yucca Mountain site since 1998, and climate studies have
also used long-term records of analog sites to project future climates. Nearly 95% of the 170
mm/year precipitation over the site is either run-off or is lost to evaporation. Considerable effort
has been expended to determine the current percolation flux that is estimated to range from 1 to
10 mm/year.

In the middle 1990s, methodologies developed and deployed in surface-based testing were
applied to most of the alcoves. Four alcoves along the North Ramp of the ESF and two along the
Ghost Dance fault were predominantly used as drill bays for horizontal and slanted boreholes to
collect cores, measure air permeability, and sample gases. Recognizing the need to address the



water issue directly, a different set of tests has evolved that use water and aqueous phase tracers
to directly evaluate flow and transport processes. In addition to niches, Alcove 8, and systematic
testing in the Cross Drift, Alcoves 1, 4, and 6 were utilized for liquid tests at different scales for
seepage, fracture-matrix interaction, and matrix diffusion processes. Water has also been
mobilized, by heating and vaporization, in evaluating the thermal-hydrological-chemical-
mechanical coupled processes in fractured tuff in the single heater and drift scale thermal tests at
Alcove 5.

The evolution of the geological, hydrological, transport, and thermal tests indicates that a vast
amount of knowledge has been gained about the UZ processes at Yucca Mountain. The focus
shifted from intensive surface-based investigations in the early 1980s to underground testing in
the late 1990s.The current focus of the testing program is to capture the essence of a progression
for tests to improve process understanding, remove conservative estimates, and enhance realistic
representation of UZ processes at Yucca Mountain.
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Active Flow Path Evaluation in the Unsaturated Zone at
Yucca Mountain

J.S.Y. Wang

Earth Sciences Division
Lawrence Berkeley National Laboratory

With limited water input associated with arid climate and a thick unsaturated zone with a
deep water table, the quantification of active flow paths through fractured rocks is technically
challenging at Yucca Mountain. An active flow path refers to a feature with liquid water
moving along it. The flow path can be located along a fracture or a fault, through fracture
network, located in porous matrix, or through a combination of heterogeneous media. Both
naturally occurring features and artificially induced flow paths from water injection were
observed and tested for the active flow path evaluation in underground drifts at Yucca
Mountain. Figure 1 illustrates an ambient flow path observed as a continuous dark feature
and flow paths stained by injection of colored dyes. These images are valuable for the
development of a basic understanding and for the design of subsequent tests for the
evaluation and quantification of active flow paths. For example the first and only
documented wet feature at the repository level in Figure 1a had a width of approximately 0.3
m (1 ft.). This width was used as a basis for setting the injection interval isolated by packers
so that the induced flow paths are similar in width to the naturally occurring feature.

No continuous flowing feature has been observed along the underground drifts excavated in
the late 1990s at Yucca Mountain. Ventilation-induced drying of naturally occurring active
flow paths is one of the first explanations for the absence of visual evidence. This
interpretation is supplemented by the capillary barrier mechanism unique to the unsaturated
zone, with unsaturated matrix and fractures holding the water to the formations. If the
capillary force is strong enough to overcome gravity, no flow into the drift (referred to as
seepage), can occur. The quantification of the seepage processes, in particular the
confirmation of the existence of seepage threshold flux below which no seepage can occur,
was carried out by a series of seepage testing from 1997 to 2003 in five niches. The field-
determined thresholds and seepage evolution data have been used to calibrate and validate
fracture continuum based seepage models.

In addition to the seepage tests in niches with release of water nominally within a meter above
the niche ceiling, liquid release tests have been conducted at other larger test beds. Two test
beds have slots excavated below the liquid releases points to quantify mass balances. The
release points are over one meter above the slots at these two test beds. A series of short-term
tests have been conducted along fractures in a fractured welded tuff unit (at Alcove 6), and along
a fault in a porous non-welded tuff unit (at Alcove 4). These tests quantify the interaction of
flow paths with unsaturated matrix. Two large-scale long-term tests have also been conducted,
with infiltration sources on the ground surface (30 m above Alcove 1) and in controlled plots (at
the Alcove 8 approximately 20 m above Niche 3). These large-scale tests focus on the transport
of tracers and demonstrate the importance of matrix diffusion along flow paths, in addition to
seepage into the alcove or niche below.
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To synthesize the findings of the hydrological field-testing results, this evaluation starts with the
analyses of the variability of wetting front velocities of the first pulses after liquid releases at
different sites under different testing conditions. The velocity variability is compared with the
much higher variability of measured permeability, representing the spatial heterogeneity
quantified by air-injection testing. Subsequent pulses have generally faster velocities and result
in higher seepage. The time-dependent effects of matrix imbibition and diffusion on active flow
and transport contribute to interpretation of these wetting-history-dependent results. The
implication of these findings are then utilized for further understanding of seepage processes and
to address fundamental hydrological issues of extrapolation of drift-scale findings to site-scale
assessment, especially for the lower lithophysal tuff unit where 80% of emplacement drifts are
located. Figures 1a and 1b (for a dyed flow path) illustrate the results of observations at the first
niche in the middle nonlithophysal tuff unit, which is fractured with no lithophysal cavities. The
flow paths are essentially vertical, indicating dominance by gravity. Figures 1c—d illustrate that
the capillarity is very strong in the lower lithophysal tuff unit, overcoming the gravity to result in
a nearly uniform dye pattern (Figure 1c) and with the capacity to move water and dye into the
floor of a cavity (Figure 1d).

While the seepage, fracture-matrix interaction, and infiltration/matrix diffusion processes are
tested at niches, alcoves, and between drifts, the effects of spatial heterogeneity and natural
variability of active flow paths are not as easily quantified. Here, we analyze the available
systematic testing results and complementary feature-based approaches, and summarize the
current understanding of the active flow paths. With only one naturally occurring flow path (of
the magnitude illustrated in Figure 1a) observed, it is a challenge, with large uncertainty, to
estimate the spacing between active flow paths. The active flow path spacing is one of the
important factors in determining the focusing, channeling, and redistributing of limited
infiltration through the unsaturated zone into emplacement drifts. If the focusing is strong
enough, the seepage threshold can be overcome, and the water can drip into the emplacement
drifts, affecting the corrosion potential of engineered barrier structures located in the drift. On the
other hand, if the spacing is large, only a small fraction of emplacement drifts will be intersected
by the active flow paths, and the rest of the drifts will be essential dry. We evaluate active flow
path spacing and flow focusing based on Figure la and other available information and
observations of smaller wet features.

Clearly, the design of engineered structure and material emplacement can be further optimized
with the active flow path evaluations. The overall advantages of using unsaturated zone
attributes for waste emplacement and isolation are emphasized in this summary of active flow
path evaluation in the unsaturated zone at Yucca Mountain.
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(b)

(d)

Figure 1. Photographic Illustrations of Flow Paths Observed During Niche Excavations: (a) Ambient
Flow Path at Niche 1, (b) Blue-Dyed Flow Path at Niche 1, (c) Pink-Dyed Flow Path at Niche 5, (d) Pink
Stain on the Floor of a Lithophysal Cavity at Niche 5. Niche 1 is the first niche located 3,566 m from the
North Portal of the Exploratory Studies Facility, in the middle nonlithophysal zone of theTopopah Spring

welded tuff unit (TSw). Niche 5 is the fifth niche located 1,620 m from the Cross Drift entrance in the
lower lithophysal zone of the TSw.
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Grimsel Test Site: 20 Years of Research in Fractured Crystalline
Rocks—EXxperience Gained and Future Needs

S. Vomvoris, W. Kickmaier, 1. McKinley
Nagra, Hardstrasse 73, CH-5430 Wettingen, Switzerland

A Brief History

The Grimsel Test Site (GTS) is located within the granitic rocks of the Alps at an altitude of
approximately 1,730 meters above sea level (masl). The main tunnel system, with a diameter of
3.5 m, was excavated with a full face tunnel boring machine between May and November 1983.
The remaining works, e.g., caverns and branches of the main access tunnel, were excavated by
means of blasting, and the facility was finished in May 1984. The formal inauguration of GTS
was on June 20, 1984.

At that time Nagra was participating in the Stripa project and was in close contact with the
AECL in Canada, which was constructing the URL in Manitoba. Considering the studies
undertaken or planned in those two laboratories, Nagra set forth the following objectives for
GTS [1]:

« Checking the applicability of foreign research results to geological conditions in
Switzerland

« Carrying out specific experiments which are necessary in the context of Nagra disposal
concepts

« Acquisition of know-how in planning, implementation and interpretation of underground
tests in different experimental areas

« Acquisition of practical experience in development, testing and use of experimental
apparatus and measurement methods

A series of experiments in the following areas were to be carried out: excavation tests, rock
stress measurements, geophysics, hydrogeology, solute migration, neo-tectonics, heat-induced
processes, and laboratory experiments. The experiments were conducted by Nagra or bilaterally
with BGR or GSF (later GRS) both under the auspices of the German Ministry of Research and
Technology, and SKB. In 1988, as part of the USDOE/Nagra cooperative agreement, a series of
additional experiments were introduced in Grimsel, focusing on geophysical techniques and
development of interdisciplinary methodologies for the hydrologic and geologic characterization
of fractured rocks. Also in 1988, JNC joined the migration experiment, which a few years later
resulted in the first performance of in situ tests with radionuclides. The international cooperation
was further strengthened in the mid-1990s and was significantly expanded with Grimsel Phase V
(1997-2002), which was implemented in co-operation with 19 partners from 10 different
countries and the European Community (Table 1).

14



2003—What Have We Achieved?

Twenty years later, more than 30 different projects have been performed in GTS; they are
summarized in [2] and numerous publications—see also www.grimsel.com. The objectives for
the GTS were successfully accomplished. One can list reasons for this conclusion:

Tools and techniques were transferred to Switzerland,

They were further developed, tailored to
complemented by novel approaches,

Nagra’s needs and, where necessary,

Local teams with wide expertise were developed,

Cooperation with national and international partners was strengthened and solidified,
Results from GTS were applied directly to Nagra’s site characterization activities (e.g.,
geophysics, multi-packer borehole testing, fluid logging, borehole sealing) and
performance assessment (e.g., development of geologic data-sets for performance
assessment, development of models and parameters for radionuclide migration in
fractured rock, site-scale groundwater flow modeling),

GTS has played a crucial role in interacting with the general and scientific public, and it is

still a frequently visited site.

Table 1. GTS Phase V experimental programs and partners.

GTS Phase V Project

Partners *

High pH-Plume in Fractured Rocks (HPF)

NAGRA, JNC, SKB, US-DOE, SNL,
ANDRA

Colloid and Radionuclide Retardation (CRR)

NAGRA, BMWi P FZK/INE, ENRESA, JNC,
US-DOE, SNL, ANDRA

Gas Migration in Shear Zones (GAM)

NAGRA, ENRESA, US-DOE, SNL, ANDRA

Full-scale Engineered Barrier Experiment
(FEBEX)
FEBEX | (‘95-'99); FEBEX Il (‘99-‘03)

ENRESA, EC with 25 European partner
organizations, NAGRA, BBW

Gas Migration Test in the EBS and Geosphere
(GMT)

RWMC, NAGRA, Obayashi

Effective Parameters (EFP)

BMWi, BGR, GRS, NAGRA

Conclusion of the Tunnel Near Field (CTN)

NAGRA, BMWi, GRS, BGR, ERL/ITRI

* NAGRA: National Cooperative for the Disposal of Radioactive Waste, Switzerland / SKB: Swedish
Nuclear Fuel and Waste Management, Sweden / US-DOE: US Department of Energy, USA / SNL: Sandia
National Laboratories, USA / ANDRA: Agence national pour la gestion des déchets radioactifs, France /
BMWi: Bundesministerium fiir Wirtschaft und Technologie, Germany / FZK/INE: Forschungszentrum
Karlsruhe, Institut fir Nukleare Entsorgungstechnik, Germany / ENRESA: Empresa Nacional de Residuos
Radioactivos, Spain / GRS: Gesellschaft fir Anlagen- und Reaktorsicherheit, Germany / BGR:
Bundesanstalt fur Geowissenschaften und Rohstoffe, Germany / RWMC: Radioactive Waste Management
Center, Japan / ERL/ITRI: Energy and Resources Laboratories Industrial Technology Research Institute,
Taiwan / JNC: Japan Nuclear Cycle Development Institute, Japan / EC: European Community / BBW:

Swiss Federal office for Education and Science

Y changed due to BMWA: Bundesministerium fir Wirtschaft und Arbeit, Germany
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A few of the lessons (technical and non-technical) of more general interest may be highlighted:

Solute transport in fractured rocks is more complex than represented in early modes. Early
models based on parallel plate or single tube concepts involved oversimplification of key
processes. Through the work at GTS [3,4], we have: (i) made significant progress in the
understanding of the undisturbed system; (ii) developed technology for micro-scale flow system
characterization (for example, the resin immobilization technique) and (iii) obtained better
models to relate laboratory studies to observations in the field. The ways forward are (a) to
perform studies of the disturbed system which considers the impact of the repository itself (e.g.,
effect of high pH plume, colloids etc)—some of which have been initiated as part of Phase V;
and (b) to conduct experiments under more realistic conditions, representing the flow systems,
which would require very long term experiments (see next section).

Repository implementation (construction, remote handling, monitoring, sealing) can be
substantially optimized. Through the work at GTS: (i) full or large scale demonstration projects
have highlighted potential areas of improvement and had an effect on Nagra’s designs (for
example, combination of bentonite blocks and pellets as a buffer); (ii) monitoring technologies
have been developed and tested; and (iii) important QA aspects have been identified. As can be
seen in the last section however, there are many areas here where further work will be very
beneficial.

Characterization and evaluation of a site is an interdisciplinary activity. It is rather the norm to
structure organizations by department and, for particular projects, to try to involve the most
suitably trained specialists. When it comes to characterizing and evaluating a natural site,
however, there is not a single discipline that can provide all the relevant input. This inter-
disciplinary nature is exemplified by the Migration Experiment [3], where the tools that Nagra
uses for modeling radionuclide migration in fractures have been developed, tested and improved.
The successful prediction of the last series of radionuclide migration, was due to the careful and
interactive build up first of the concepts for radionuclide migration and then of the resulting
numerical models. Disciplines partaking in this effort involved geology, mineralogy,
hydrogeology, hydrochemistry, mathematical and chemical modeling, and laboratory
experimentation to mention a few. Nagra learned from this experience and applied this
experience to the crystalline program in Northern Switzerland and the evaluation of the
Valanginian marls in Central Switzerland. This resulted in an improved interface between site
characterization and performance assessment, the so-called “geo-dataset,” which is the set of
concepts, parameter values and ranges, resulting from the site characterization, tailored to the
input required by performance assessment (and engineering design). This need is now
recognized in other programs and the geo-dataset approach or “site investigation data flow” is
adopted or further developed in several national projects.

Demonstration aspects are as important as technical ones. The benefit of communication with
the public is not normally featured on the highest priority list of a scientific program (and it was
not one of the original objectives of establishing GTS). 1:1 scale experiments were thus mainly
driven by scientific and engineering objectives. Experience at GTS has, however, shown that
issues related to waste disposal can be very effectively communicated to a broad spectrum of the
public in such a facility [5]. One of the most challenging aspects is how to communicate at the
appropriate abstraction level for each group, without reducing the scientific quality. Many
different forms have been tried in Grimsel (brochures, leaflets, posters, videos etc) but, in the
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end, nothing can substitute for the physical images and personal experience that site visitors
carry away. This is now increasingly acknowledged as a key role—public acceptance being seen
to be critical to repository site selection.

Knowledge and experience needs to be transferred to the next generation. The existing projects
have formed a good basis for training (e.g., M.S. or Ph.D. projects). Nevertheless, a systematic
effort to transfer the knowledge to the next generation, which will construct, operate and regulate
future repositories, is currently lacking. Such experience cannot be transferred by lectures and
books alone, but hands-on work is also required (learning by doing). A challenging program of
R&D issues associated with links to Demonstration and Validation projects could form a good
basis for this.

2003—Future Needs

With respect to fundamental research on the characterization of fractured rocks and
understanding of the processes relevant to radioactive waste disposal, most of the work that
could easily be done in GTS has been already performed. More complex, interdisciplinary
experiments have also been successfully performed. Are there any needs then, for future work
and operation in Grimsel? This question was posed by Nagra, internally, and it was also
discussed with GTS partners in various workshops in 2002 and 2003. Many different areas of
interest were identified, reflecting the progress achieved and current state on different disposal
programs. Needs for a particular experiment can be dictated by, for example, science
(understanding/characterization), performance assessment, engineering, licensing or
implementation. There is an obvious shift for many programs towards licensing or
implementation, which would pose different objectives from those noted 20 years ago.

Considering the input received and Nagra’s own needs, in 2003 Nagra launched GTS Phase VI
with planning horizons, set not by artificial constraints, but by the planning time-scales for
implementation of repositories [6]. Phase VI objectives have also evolved from those set in 1983,
including the following:

« Develop further and maintain know-how for key engineering issues like: handling,
emplacement, monitoring and retrieval of high-level waste,

« Apply state-of-the-art science to validate key models over long periods (all waste types)
by longer-term radionuclide retardation projects,

« Raise confidence and acceptance in key concepts prior to the repository
licensing/construction by full-scale engineering projects,

« Actas a focus for scientific collaboration in the waste management community by
providing access to a facility with flexible, open boundary conditions,

« Provide a center for training future generations of “nuclear waste”-experts (considering
the needs of implementers, regulators and research organizations),

« Provide an infrastructure for technical PR.

Three areas will be highlighted here namely: (1) large-scale demonstration of concepts, (2)
longer time scales, and (3) training. Experiments to be performed or under consideration for GTS
Phase VI will be further discussed in the presentation.
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As mentioned in the previous section, current demonstration tests have pointed out areas where
improvements are needed. The ways forward are to: (1) perform more realistic (e.g., remote
handling) full-scale tests considering concept optimization, practicability, etc, and (2) explicitly
address socio-political requirements, such as recovery from operational perturbations,
monitoring and retrieval. There are special issues for fractured rock, but many concerns are
generic (rock-independent), and it will be beneficial to address them in a well-characterized and
controlled environment such as Grimsel.

Confidence building can be obtained through the performance of long time-scale experiments.
For this purpose, experiments had to be performed under accelerated conditions. For example,
the hydraulic gradients imposed and the flow fields generated can be orders of magnitudes higher
than those expected to occur in a natural system. The reasons for this were mainly operational
and the boundary conditions set by short-term requirements of national programs. Consequently,
on many occasions, the results of the experiments have to be interpreted conservatively; for
example, beneficial effects of kinetics would be ignored. It will thus add to the confidence in the
results used in performance assessment and remove some of the over-conservatism invoked if
more realistic experiments are performed over longer time scales.

Training in waste disposal has been identified by many national and international organizations
as one of the key areas to focus effort. This is not surprising, since the generation that led the
development of many of the waste disposal programs in the mid- to late-70s is being lost to
retirement, while, at the same time, emerging programs are confronted with many of the same
issues. Grimsel provides an excellent opportunity to have hands-on training and practical
experience, not only with fractured-rock specific issues, but also with the most general non-rock
specific issues of engineered barrier characteristics and experiment planning and performance.
Through its close links to the recently established International Training Centre (www.itc-
school.org), Grimsel is actively contributing in this area and the first training course was held in
the fall of 2003.
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Israel’s national site for hazardous waste disposal and a nearby major chemical industrial
complex are underlain by a fractured chalk aquitard, containing brackish groundwater. Over the
past decade, substantial efforts have been made to properly monitor contaminant migration
(Nativ et al., 1999) and study flow and transport in this formation. Dahan (1993) proved that
solutes migrate through the fractures intersecting the unsaturated zone in this aquitard.
Characterization of flow and transport processes within a single fracture in the unsaturated chalk
was the research focus in this area during the 1990s. Weisbrod et al. (1999) showed that
intermittent wetting (by rainwater and wastewater) changes the roughness of the fracture walls
and the fracture conductivity. Dahan et al. (1999) showed that only a small part of the fracture
plane conducts most of the water flowing through it and intersections between fractures form the
most permeable zones. Asaf (2000) estimated the hydraulic conductivity of discrete intervals in
the saturated chalk using packer tests in coreholes. He compared these values with the visible
appearance of the respective tested fracture sets and concluded that the hydraulic conductivity of
the fractures cannot be deduced from their appearance in cores or corehole walls. Up-scaling the
research objectives to flow and transport in a fracture network in a multi-borehole site was the
motivation for this research.

A suitable site for an intermediate-scale study was located east of the confluence of the Naim and
Hovav washes (Figure 1). Two nearby, perpendicularly oriented, natural outcrops enabled 1D
and 2D fracture surveys. Four inclined 25- to 40-m deep open boreholes served for the various
hydraulic tests (RH11, Rh1la, RH11b and RH11c boreholes, the first two of which were cored).
An additional three, shorter boreholes served mainly as head controls in the flow models’
boundary nodes. Four piezometers placed in a trench, excavated at the intersection of the washes,
enabled monitoring the head in a substantial portion of the site boundary.

Assuming that flow and transport occur mainly in fractures, the research plan for this field
laboratory included the following steps:

1. Geometric surveys of fractures, from which the distributions of the fractures’ orientations
and lengths can be derived, and a 3D density (fracture area per rock volume) and spatial
distribution model can be approximated. These products allow the construction of
stochastic discreet fracture networks (DFNs) (Dershowitz et al., 1998).

2. Slug tests in packed-off intervals in the boreholes to verify the distribution of fractures’
transmissivity and the general anisotropy in the hydraulic conductivity.

3. Multi-well pumping tests where one borehole is pumped and heads are monitored in all
the boreholes and piezometers.
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4. Analysis of flow dimensions (Barker, 1988) and classical interpretation of the pumping
tests.

5. Calibration of a simple deterministic DFN flow model to the transient head field in one of

the pumping tests, and validation of this model using the other tests.

As in (5), but with a stochastic DFN, incorporating the full results of (1) and (2).

7. A forced-gradient, multi-borehole tracer test to determine transport velocities and
dispersion.

8. Modeling the tracer test using analytical methods.

9. Calibrating a transport model and validating the flow models listed under (5) and (6).

o

Partial results of the fracture surveys are presented in Table 1. A total of 284 sub-vertical fracture
traces, from scan lines performed on outcrops and cores, were divided into two sets. The
dominant set has a mean fracture pole (trend, plunge) of (328° 2°), i.e. an average strike of 58°,
while the secondary set strikes at 331°. Log-normal and exponential distributions can be fitted to
the fractures’ radii. The inverse problem of inferring the radius distribution and the 3D density
from 2D outcrop trace maps was solved by a forward simulation approach. In this procedure, 3D
simulated fracture realizations were cut by trace planes, with geometries similar to those of the
outcrops, to form simulated trace maps which were then compared to the field trace maps.
Semivariograms of the aerial density of fractures helped define the spatial distribution model.
The FracMan system (Dershowitz et al., 1998) was used as a major tool in the analysis of the
fracture-geometry data.
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Table 1. Fracture sets: geometrical and hydraulic properties.

Set—Mean | Fisher Mean Fracture 3D Spatial Fracture Transmissivity
Pole (Trend, | Dispersion Radius (m) Density Distribution | Distribution (m%s)
Plunge) Coefficient | (Exponential (m?m*) | Pattern
Distribution) [Mean, Std.] of log10
(Transmissivity)
(328, 2) 20 1.9 1.0 Uniform [-6.8, 1.2]
(61, 7) 10 1.1 0.4 Shear zones | [-7.2, 0.7]

Transmissivity distribution of the fractures from the dominant set were derived from 25 slug tests
in packed-off intervals in the RH11 and RH11c boreholes and the 1D density from the RH11
core (Figure 1). The secondary set’s transmissivity distribution was derived from 10 slug tests in
packed-off intervals in the RH11b borehole and the 1D density from the Naim outcrop.
Hydraulic conductivity in the packed-off intervals varied by more than three orders of
magnitude.

Analysis of the multi-borehole pumping tests revealed that the hydraulic response at the
observation boreholes fits a 2D-flow regime (Theis response). The four pumping tests provided
12 pairs, each consisting of a pumping and observation well, while each well was involved in six
pairs. Table 2 shows the average hydraulic conductivity derived from the six multi-well pumping
tests for each well, as well as the hydraulic conductivity calculated from its own recovery. Our
block hydraulic conductivity estimate for this area is 0.6 m/day parallel to the dominant fracture
set and 0.2 m/day parallel to the secondary set. The anisotropy ratio of 3 correlates well with the
3D fracture density ratio between the dominant and secondary fracture sets (2.5) (Table 1).

The model presented in Figure 2 consists of 13 deterministic fractures (Step 5). The term
“deterministic” is used because these fractures intersect the boreholes in conductive intervals
(Step 2). A constant head boundary was set to the west, as the trench head did not change during
the test. The southern boundary was set as a no-flow boundary, while the head at the eastern and
northern boundaries varied in time and space, respectively. Heads were governed by the
diffusion equation with a leakage term for flow between fractures. Figure 3 shows the actual and
model-calibrated head responses to pumping in the RH11a borehole. The accuracy of this model
with respect to fitting the head changes was 77% on average for all four wells and at all times.
Validating this calibrated model with the other three pumping tests resulted in average predicted
head changes of 62%, 62% and 48%. Stochastic models have not yet been successfully
calibrated.

During the tracer test, four tracers were injected into four different wells (in brackets in Figure 1)
after the RH11a borehole was pumped for a day to form steady-state forced-gradient conditions.
Tracers were injected into large intervals by slowly pulling out a hose filled with the tracer
solution. Large intervals were used to ensure breakthrough, if any hydraulic connection existed
between the wells. Injection wells were mixed and sampled to ensure a constant tracer
concentration throughout the large intervals. Eight days after the injection, 80%, 20% and 15%

21




of the tracer masses from the RH11c, RH11f and RH11b boreholes, respectively, were recovered
at the RH11a borehole. First arrival/maximum concentrations were 28 min/13 h, 40 min/12 h and
2.6 h/20 h from the RH11c, RH11b and RH11f boreholes, respectively.

Table 2. Hydraulic conductivities from unpacked pumping tests (m/day).

Testing Method RH11 RH11a RH11c RH11b
Multi-well Drawdown | 0.5 0.6 0.7 04
Single-well Recovery 0.2 0.3 0.5 0.1

Bromide from the RH11 borehole never arrived at the pumping well because the forced gradient
was not strong enough to divert the natural flow direction there. Another tracer test performed
between the RH11 and RH1la boreholes, down the natural gradient, proved a hydraulic
connection between these wells (Adar et al., 2001). Interpretation of the tracer test results is now
in progress. Figure 4 shows the experimental breakthrough curve of uranine (from the RH11c
borehole) and two fitted single-channel models. The green curve is the SFDM model
(Maloszewski and Zuber, 1993), which accounts for longitudinal dispersion and molecular
diffusion into the matrix. This model cannot simultaneously predict the fast appearance and the
long tail. Javandel et al. (1984) present a solution for the advection-dispersion equation with an
exponential decreasing source, it only accounts for longitudinal dispersion. The red curve in
Figure 4 has a large dispersion coefficient of 0.17 m?/s, which accounts for the relatively fast rise
in concentration, but also a concentration drop that is too slow. Therefore, a multi-channel model
is probably needed to properly model this experimental breakthrough curve.

z L Groundwater head control - ®

X(E)

Figure 2. The thirteen subvertical fractures flow model that were calibrated
pumping test in the RH11a borehole
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Figure 4. Experimental and single-channel analytical model breakthrough curves for uranine.

Diffusion must play an important role in the transport process because the slope of the
breakthrough-curve tail on a log-log plot is -1.14, not as steep as expected from a heterogeneous
advection dominated process (Becker and Shapiro, 2003).
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Using Fracture Pore Space Geometry to Assess Degassing and
Scaling Relationships in Fractured Rocks

J. E. Gale and E. Seok
Department of Earth Sciences, Memorial University of Newfoundland, Canada

Any review of laboratory- and field-measured flow and transport properties in fractured rocks
will confirm the wide range in permeabilities and fluid/contaminant velocities and the high
degree of anisotropy, all of which present serious challenges to predicting flux and contaminant
transport in both saturated and partially saturated fractured rocks systems. Data compiled and
interpreted by Clauser (1992) and by Neuman (1990), for both porous and fractured media, show
that the range of hydraulic properties is greatest for small laboratory samples, with the range of
values decreasing for measurements at the borehole scale and decreasing even more when
interpreted for large regional aquifer systems using measured and assumed boundary conditions.
Obviously, part of this scaling pattern is contributed by small-scale heterogeneities that become
more significant as the size of the sample decreases. In addition, test boundary conditions and the
lower measurement limits are much more precisely defined in small-scale laboratory samples
and generally much more poorly defined in borehole tests, with the heterogeneities generally
being averaged over significant lengths of the borehole test interval.

In low-permeability fractured rocks, it has been assumed by some investigators that flow and
transport are controlled by a number of high-permeability pathways, consisting of or within
discrete fractures, that are not captured by small-scale laboratory samples (Margolin, et al.,
1998). However, large-scale field tests, such as the Stripa macro-permeability experiment
(Witherspoon, 2000), did not show any evidence in the measured gradients that would support an
interpretation that a few high permeability pathways were dominating the flux into the drift.
Furthermore, single fracture borehole packer tests in the same rock mass (Gale et al., 1987),
while indicating a truncated or censored distribution due to the limits on the measurement of low
flow rates, did not show a bimodal fracture transmissivity distribution.

Given the need to determine how to scale-up from laboratory and borehole data sets to simulate
and predict flow and transport in volumes of fractured rock that are of interest to a number of
investigators, extensive numerical investigations have been conducted (Margolin et. al., 1998,
among others) to determine how key parameters scale with an increase in the area of interest.
However, without adequate deterministic fracture-property databases, including measured flow
and transport properties, with which to calibrate and exercise the available models, it will be
difficult to validate the various conceptual models of flow in fracture systems along with the
appropriate scaling relationships. Databases need to be developed at different scales, and in this
paper we describe a fracture-pore-space database that we are developing to determine scaling
relationships at the scale of a single fracture plane.

Both single- and two-phase coupled stress-flow experiments, followed by tracer tests, have been
completed on sections of fracture planes measuring 200 mm by 300 mm. At selected loads, for
known flow rates and tracer velocities, the samples have been injected with a room-temperature
curing resin. Once the resin cured, the fracture planes were sectioned, perpendicular to the plane,
and the width (aperture) of the fracture planes were measured using a photo-microscope and
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digitizer approach. Analysis of the pore-space data demonstrated that the fracture pore-space
geometry, consisting of contact areas and open fracture pore space, is characterized by a bimodal
distribution with a well defined spatial structure. Since the pore-space geometry was mapped
along discrete sections through the fracture-plane sample, simulated annealing was used to
simulated the pore-space geometry over the entire sample area (Seok, 2001). This approach was
found to respect both the bimodal nature and the spatial structure of the fracture pore-space
geometry.

The simulated pore space has been randomly sampled at four different scales, and the range of
hydraulic properties present in these subsamples has been determined, along with the range of
fracture apertures. The results of these numerical investigations have been used to evaluate the
basic scaling relationships for the flow properties of the fracture planes under both single-phase
and two-phase flow conditions. In addition, the results from these experimental and numerical
investigations have been used to design a large laboratory scaling-up experiment on a single
fracture plane in a granite sample (provided by A. Shapiro of the U.S. Geological Survey). This
sample measures approximately 1 m x 1 m x 1 m. The initial set of coupled stress-flow
experiments, both single- and two-phase flow, will be conducted on the full fracture plane,
followed by coring of several 200 m diameter samples of the fracture plane. These samples will
in turn be subjected to similar stress-flow experiments, followed by resin injection and pore-
space mapping. This large-scale experiment, at the scale of a single fracture plane, will provide
insight into whether high-permeability pathways dominate the hydraulic properties of single
fractures. The database will help define the appropriate scaling relationships to be used in
characterizing flow and transport in discrete fractures.
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Flow Across an Unsaturated Fracture Intersection

Maria Ines Dragila® and Noam Weisbrod 2
1Department of Crop and Soil Sciences, Oregon State University, 3017 ALS, Corvallis, OR 97331, USA
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Introduction

Fluid movement through fractured vadose zones is known to be complex, exhibiting spatial and
temporal variability. It has been observed that under unsaturated conditions, not all fractures,
even well-connected fractures, actively participate in transport at all times [Salve et al., 2002;
Faybishenko et al., 2000] and that linear conduits formed by intersections can provide preferred
paths for flow (e.g., Dahan et al.,, 2000). Consequently, simply knowing the geometric
characteristics of a fracture or fracture system alone may be insufficient in predicting when a
fracture will participate. A better understanding is needed of small-scale behavior of fluid as it
reaches a discrete fracture intersection in order to develop more accurate rules for active-fracture
selection. These “rules” are essential if we are to improve the reliability of modeling flow
through fracture networks in the vadose zone.

Figure 1. Schematic of inverted “Y” intersection showing droplet (gray) invading intersection

Because of the small number of experiments in fracture intersections under unsaturated
conditions, and the characteristic complexity of fluid dynamics already observed in unsaturated
fractures, this work was initiated with an experimental investigation of the simplest possible
system. A 0.5 x 70 x 70 cm glass sheet was cut to form an inverted “Y” intersection with an
aperture of 0.17 £ 0.2 cm (Figure 1). The non-porous nature of glass makes these results more
applicable to flow in hard rock where sorption is negligible. The 0.5 cm width of the fracture
plane coincides with the equilibrium width of droplets (Or and Gehezzei, personal
communication) eliminating in-plane meandering of the flow, thus reducing the behavior to a
near one-dimensional problem. Behavior of free-surface film flow and capillary droplet modes
were studied at the intersection for flow rates (0.6-6.0 mL/min) that were sufficiently small
enough to prevent saturation of the fracture.
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Theory

The no-slip boundary condition, required to be held at the liquid-glass interface, forces a
circulatory motion within droplets moving along the fracture [Frohn and Roth, 2000]; in the
reference frame of the droplet, liqguid moves upward along the contact with the walls and
downward in the middle. How this complexity affects behavior at an intersection is not yet fully
understood. The theoretical approach presented here provides a first order analysis for predicting
the characteristics of fluid motion at intersections.

Enlargement of the aperture at the intersection presents a capillary barrier to incoming droplets.
It is hypothesized that the response of the droplets to this barrier depends on the angle of
inclination of the branches (4 in Figure 1). Upon arrival at an intersection, the contact line slows
down or stops, while the liquid inside the droplet continues to move, flattening the meniscus. At
square intersections (£ = 90°), the weight of the droplet deforms the meniscus (for wetting fluids)
into a convex shape, resulting in upward force on the droplet. The droplet forms a neck and drips
when the weight of the liquid exceeds the capillary force [Frohn and Roth, 2000, Or and
Ghezzehei, 2000]. Shorter droplets are trapped above the intersection. At intersections with
obtuse corner angles (4> 90°) forming an inverted Y-shaped intersection (Figure 1), the wetting
line continues its progression along the contiguous fracture walls. Widening of the cavity
enlarges the radius of curvature of the advancing meniscus, thus reducing the downward
capillary force and decelerating the droplet. The droplet stops advancing when the gravitational
body force (droplet length) equals the capillary force generated by the advancing and receding
menisci [Equation (1)] (Dragila and Weisbrod, 2003a).

] 1 1
Lpogsina = _ 1
pgsina G(RR RAJ (1)

where Rg and R are the radii of curvature of the receding and invading menisci, respectively.
At any point, the invasion distance (D) is related to Ra; by the following geometric relationship
(Figure 1):

cos’(8-6,) cos(B-6,)

D=R,||1+
A sin? g sin

sing, |
J ~1|=R,F(8.6,) (2)

where 6, is the advancing contact angle. Equation (2) applies to wetting fluids and for £ > 90°.
The maximum invasion distance (Dmax) Will occur for droplets that satisfy Equation (1). The
depth of invasion will therefore depend on the acuteness of the intersection corner, the value of
the advancing contact angle, and the droplet length. Equations (1) and (2) are a first order
approximation and do not take into account inertial effects of meniscus deformation and the
reduction in droplet length as the intersection aperture widens.

If Dmax IS greater than the distance to the apex (H in Figure 1), then the droplet will touch the
apex, saturate the intersection and move into the branches by capillarity. If Dpay is less than H,
the droplet will sustain a concave meniscus and liquid will flow as a film along the contiguous
fracture walls (i.e., upper wall of the fracture branches). The distance to the apex (H) is given
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geometrically by:

H = b[_i+ . ] 3)
sing  tanpg
For this experiment, Equations (1)—(3) predict that droplets longer than 0.7 cm will saturate the

intersection. Shorter droplets will result in transition to film flow (assuming: b = 0.08 cm, a =
90°, £ =135° H =0.15 cm (from Equation (3)), and & = 0°, giving Rg = D).

Material and Methods

A series of laboratory experiments were conducted in which distilled water was delivered by a
syringe pump to the top of a vertical fracture (35 cm in length), which terminated at an
intersection of two symmetrical fractures (£ = 135° in Figure 1). Aperture of all fractures was
0.17 + 0.02 cm. Blue dye tracer was used to aid visualization. Pre-testing of the system
determined that flow rates were required to be below ~12 mL/min to generate droplet mode.
Flow rates used were 0.6, 1.5, 3.0 and 6.0 mL/min in order to focus on droplet and film flow.
Between experiments, the fracture was dried with absorbent tissues (apparatus was not
disassembled). Liquid draining from the bottom of the fracture branches was collected into
beakers. All experiments were conducted at a temperature of 20-22 °C and a relative humidity of
20-40%. Ambient atmospheric pressure was not controlled. Flow behavior at the imbibition
point, the main fracture, and intersection was captured by a digital still camera and digital video
camera simultaneously. Video data was used to calculate droplet length and speed.

Results

Prior to arrival at the intersection, behavior in the main fracture was highly variable, resulting in
a wide range of droplet size and speed at the intersection entrance. Although a detailed
description of this behavior is beyond the scope of this text, it is worth mentioning that the
arrival velocity of droplets at the intersection was substantially suppressed relative to that
predicted by plug flow theory. There was strong indication that the velocity suppression may be
caused by inertial changes in the contact angle of the advancing meniscus (Dragila and
Weisbrod, 2003b). In general, droplets exhibited characteristics as reported in the literature (Su
et al., 1999), where a pear-shaped droplet locally saturates the aperture and moves down
gradient, maintaining its connection to the water delivery pipette by a capillary thread or rivulet
(Figure 2a—c). The imbibing fluid continues to feed the droplet until the rivulet snaps, and a new
droplet begins to form. The term “film” describes flow that occurs only along a fracture wall at a
time (Figure 2d—e).
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Figure 2. (a) Droplet and rivulet in plane of fracture wall. (b) View of droplet (black) and rivulet (gray) in
plane of aperture. (c) Cross section of very thin rivulet spanning the aperture. (d) Water bridge spanning
aperture, and free-surface film flow in plane of aperture wetting only one wall. (e) Cross section of film
flow.

Four categories of transport phenomena were observed at the intersection: (1) formation of a
water bridge above the intersection; (2) fluid films that crossed the aperture using the water
bridge; (3) droplets that transformed to film flow at the intersection and continued as films into
the branches; and (4) droplets that saturated the intersection and continued as droplets into the
branches. Each of these is discussed in more detail below. In addition, there was a family of
associated behavior observed (such as rivulets) that stayed connected to both droplet halves after
the droplets entered the fracture branches, water bridges trapped in the branches that excluded
further water entry, and changes in the surface waviness of the film as it crossed the intersection.
Discussion of these is beyond the scope of this abstract.

The water bridge (Figure 3) was formed either by droplets that were too small to overcome the
capillary barrier, by a portion of water left behind during droplet passage through the
intersection, or for film flow during the initial release of fluid into an unprimed (dry) glass
fracture. The water bridge played a crucial role in transport of film flow, which allowed the film
to switch walls and flow along the upper wall of either or both fracture branches (Figure 3).

e\
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R\, e

Figure 3. Film flowing down right wall of vertical fracture is redistributed via water bridge. Left: film
continues along contiguous wall. Right: film is redistributed along upper wall of both fracture branches.
Capillary droplets exhibited one of three transport modes upon entering the intersection—mode
selection strongly dependent on initial droplet length, irrespective of delivery flow rate. (1)
Droplets shorter than ~0.5 cm stopped at the capillary barrier, formed a concave meniscus and
drained into the upper wall of both fracture branches as a film (Figure 4a and Figure 5); (2)
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Droplets between ~0.5 and ~1.5 cm in length started to drain as a film, but eventually saturated
the aperture and continued as capillary droplets into both branches (Figure 4b); and (3) Droplets
longer than ~1.5 cm saturated the intersection and continued down one or both branches in
capillary droplet mode (Figure 4c). In general, higher flow rates produced a greater proportion of
saturation events. At higher flow rates the rivulet stayed attached for a longer period of time,
resulting in larger overall droplets at the intersection. At all flow rates, larger droplets also
formed by the coalescing of two of three droplets prior to arrival at the intersection.

LA

b

Figure 4. Three types of transport across intersection: (a) Droplet mode to film flow. (b) Droplet mode
initiate transition to film flow, but eventually saturating the intersection. (c) Droplet mode saturating the
intersection and entering fracture branches as droplets.
™
n
l X

P«

Figure 5. Transition between droplet and film flow modes at intersection. Time difference between frames
is 1/30 sec.

Discussion

Theoretical analysis predicting both modes (saturation invasion and transition to film flow) is
supported by experimental results. Some droplets that caused saturation invasion were shorter (~
0.3 cm) than the minimum length predicted (~ 7 cm) (Figure 6), which may be accounted for by
Equations (1) and (2) ignored inertial effects that could cause stretching and rebounding of the
meniscus. The intersection will saturate if the stretch is sufficient to cause the droplet to touch
the apex of the intersection prior to rebounding.
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Figure 6. Graphs show initial droplet length grouped by intersection dynamic exhibited.
Conclusion

This work presents an initial investigation of wetting-fluid behavior at an unsaturated
intersection and confirms that two fluid modes are possible. Invasion dynamics also may depend
on fracture and fluid properties, such as the liquid surface tension, relationship of the advancing
contact angle to the intersection angle, and the effect of fracture texture and sorption on the
creation of liquid bridges and the sustainability of rivulets. In nature, further complexity is
expected to be generated by aperture variability causing channeling and meandering within the
fracture plane.
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The description of solute transport in a porous medium requires an accurate description of the
pore velocity, which is the relevant velocity for transport phenomena. For this reason,
information about the transmissivity field is not sufficient to model the solute behavior correctly
and an adequate description of pore-volume variability is essential. We demonstrate that in
hydraulically equivalent media characterized by exactly the same transmissivity field, the
displacement of a solute can show striking differences if the media have different pore-volume
spatial distributions. In particular, we demonstrate that correlation between pore volume and
transmissivity yields a much smoother and more homogeneous distribution of the solute
concentration (Lunati 2003; Lunati et al. 2003).
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Figure 1. Tracer distributions at five different time steps. From left to right: (a) empty exponential, (b)
empty fractal, (c) glass-beads filled exponential, and (d) glass-beads filled fractal models.
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Several laboratory experiments are performed in two artificial fractures. The fractures are made
of two Plexiglas plates into which a space-dependent aperture distribution was milled (Su and
Kinzelbach, 1999). One fracture has an exponential covariance function of the aperture field with
a finite correlation length, whereas the other fracture has a power-law covariance function of the
aperture field, which produces a self-similar process with an infinite integral scale. A solution is
injected into the fractures and the solute transport is observed using visualization by a light
transmission technique. The experiments are first performed in the empty fractures and then
repeated after filling the fractures, with glass powder, which plays the role of a homogeneous
fault-gouge material (Sgrensen, 1999). In both fractures, the solute behavior is much smoother
and more regular after the fractures are filled (Figure 1). Differences are due to the different
pore-volume variability in the empty and in the filled models. When the models are filled with
glass powder, the correlation between pore volume and transmissivity is perfect and the pore
velocity becomes more regular: it does not depend on the transmissivity directly, but only
indirectly through the hydraulic gradient, which is a much smoother function.

0.9
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0.7r

69% confidence

0.6 interval for UM

0.5r

0.41

mass recovery

03r

--------- UM-ens. y
---- PCM-ens.
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107 10" 10° 10"
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Figure 2. Solute recovery curves at the extraction borehole averaged over 20 realizations as a function of
the dimensionless time: UM, parallel-plate fracture with homogeneous fault-gouge; PCM rough-walled
empty fracture; CCM, rough-walled fracture with heterogeneous fault-gouge. Mean transmissivity 2 10
m?/s, log-transmissivity variance o},7=7.4, correlation scale approximately 0.07 times the dipole size.

The effects of the pore-volume variability are also investigated by numerical simulations of
tracer tests in a dipole flow field. Three different conceptual models are used: an empty fracture,
a rough-walled fracture filled with a homogeneous material, and a parallel-plate fracture with a
heterogeneous fault gouge. All three models are hydraulically equivalent, yet they have different
pore-volume distributions. Even if piezometric heads and specific flow rates (Darcy velocities)
are exactly the same at any point of the domain, the transport process differs dramatically,
showing the importance of describing the pore-volume variability (Lunati, 2003; Lunati et al.,
2003). The limiting cases are identified in the parallel-plate fracture and in the rough-walled
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fracture filled with homogeneous fault gouge. The empty fracture yields an intermediate
situation between these two benchmarks. The numerical simulations confirm the smoothing
property of the correlation between pore volume and transmissivity: the parallel-plate fracture, in
which pore-volume and transmissivity are uncorrelated, exhibits channeling effects and a more
irregular concentration distribution than the rough-walled filled fracture, in which the correlation
between pore-volume and transmissivity is perfect.

Despite these tremendous differences, the possibility of discriminating in situ among the
conceptual models is affected by scarcity of information. During field measurement campaigns,
only information at the boreholes is available, typically solute breakthrough curves. Studying the
solute breakthrough curves and recovery curves at the extraction wells for our numerical case
studies, we show that discrimination is impossible in most realistic cases, because the variability
from realization to realization dominates the effect due to assuming different conceptual models.
This is illustrated in Figure 2, which plots the ensemble-average of the recovery curves
computed over 20 realizations of the transmissivity field with the same statistical properties. A
tracer test in a dipole flow field is simulated in each realization using all three different
conceptual models. The ensemble-averaged recovery curves of the three conceptual models lie
within the 69% confidence interval of the parallel-plate model, showing that the three models are
statistically undistinguishable. Discrimination becomes possible only under very favorable
conditions i.e. the integral scale of the transmissivity field has to be known and small compared
to the dipole size. If the latter conditions are satisfied, the effects of local variability on the
recovery curve are limited because of averaging along the streamlines and the variability from
realization to realization diminishes. Discrimination between the rough-walled fracture filled
with a homogeneous material and the other two models is possible (e.g., on the basis of the
different peak arrival time to mean arrival time ratios), whereas the parallel-plate fracture with a
heterogeneous fault gouge and the empty fracture still shows identifiability problems. The latter
may be solved by inspection of aperture and pressure testing.
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Permeability of a rock specimen can be determined from the linear relationship between fluid
flux and pressure gradient along the specimen in a steady state of pressure which could be
established by linear flow injection. Before the steady state is reached, an initial transient stage
of pressure exists, and lasts for a long period of time in low-permeability experiments. Instead of
waiting for the steady state, Brace et al. (1968) suggested a method to obtain the hydraulic
properties from the transient character which is dependent on both permeability and specific
storage. The pulse transient technique does not require the measurement of flow rate, which was
at that time technically much more difficult than measuring pressure in low-permeability tests.
The calculation of the two unknowns relies on a tedious graphical method or a history matching
routine of comparing experimental data with theoretical curves (Hsieh et al., 1981; Zeynaly-
Andabily and Rahman, 1995).

However, fluid flux is a valuable parameter in hydraulic characterization. Also, today’s fluid
pumps enable fluid injection with precise control of either flow or pressure. Moreover, we could
control the duration of the transient stage by changing the test system compliance. We introduce
the conceptual design and application of linear flow injection techniques for simultaneously
deriving fluid permeability and specific storage of a rock sample from records of the flow rate
and pressure variation in steady state of fluid pressure along the specimen. The experimental
arrangement is composed of a cylindrical rock specimen placed between two reservoirs, one of
which is connected to a flow pump that injects fluid into the cored rock specimen (Figure 1). In
our experiments, linear flow injection was carried out by two different methods: flow control and
pressure control. Using the Laplace transform method, we solved the governing diffusion
equation with two different boundary conditions for fluid injection: flow control and pressure
control at a constant rate. The analytic solutions are composed of two parts: an asymptotic linear
function of time t at a given position, and a transient part which decays to zero as time increases.
Based on our solutions, we suggest a straightforward method to calculate the two hydraulic
characters from some linear equation parameters of the pressure records of the two reservoirs and
fluid pumping rate.

Flow Control

For the large time, t, the asymptotic solution for the upstream and downstream pressures, pu(t)
and pq(t), are expressed as a linear function of time as follows:
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where S, k, L, and A are the specific storage, permeability, the length, and the cross-sectional
area of a cored sample; S, and Sy are the storage capacities of the upstream and downstream
reservoirs; Q and u are the flow rate generated by an intensifier and the dynamic viscosity of the
fluid, respectively. According to these two linear equations, the specific storage and the
permeability of the rock sample are given by the slope of the differential pressure between the
two reservoirs, if S, and Sy are determined independently:
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: AL-dp/dt
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where AP is the differential pressure between the upstream and downstream reservoirs, and dp/dt
is the slope of the linear pressurization record in both reservoirs. If the downstream pressure is
not recorded, the permeability can be calculated from the zero intercept of the linear upstream
fluid pressure variation. However, the differential pressure is more reliable than the intercept,
because the former is a direct measure, whilst the latter is an extrapolation. Details are given in
the paper by Song et al. (2003).

(3)

Pressure Control

The asymptotic solution for the pressure along the specimen as a function of position x and time t
when the fluid injection is controlled by the linear pressurization and is given by:

p(x.1) =(t+(x -U) e (x-S j‘;f (5)

and from Darcy’s law, the one-dimensional flow at the upstream boundary (x = L) is given by:

k ap(L t)
OX

q.(L.t)= (6)

where gx (L,t) is a flow rate along the specimen at x = L and expressed as Q —S, dpij; 0 , and
op(L.t) _u
OX k

specific storage and permeability by:

(SSL+SK(‘)3—$ from equation (5). Using these relationships, we can express the
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Equation (7) is identical to equation (3). Equation (8) is exactly the same as Equation (4) if
equation (3) is substituted for Ss in equation (4). Consequently, there is no difference in the
asymptotic solutions between the two different boundary conditions, flow control and pressure
control, in terms of the slope and the differential pressure. The calculation of the hydraulic
properties is quite straightforward as no tedious history curve matching is required.

Test Results

Our proposed methods have been applied to the measurement of permeability and the specific
storage of cored rock specimens. We report here two selected test results in two well-known rock
types: Westerly granite for the flow control method and Fontainebleau sandstone for the pressure
control method. Westerly granite has 0.5% of crack-porosity, whilst Fontainebleau sandstone has
10% porosity composed mostly of spherical shaped pores and tube-shaped network. During the
tests, the confining pressure was kept constant at 35 MPa for Westerly granite and 320 MPa for
Fontainebleau sandstone. A typical example of the time-based record of fluid pressure variation
at the upstream and downstream reservoirs rising from different pore pressures by constant-rate
flow injection is given in Figure 2. From each test record, we determined the slope (dp/dt) using
a linear regression method and the differential pressure (AP) of the linear segments of pressure
curves following the initial transient stages. We calculated the specific storage Ss and the
permeability k of each specimen using Equations (6) and (7), respectively. The test conditions,
system compliance, equation parameters, and hydraulic properties are listed in Tables 1 and 2,
for Westerly granite and Fontainebleau sandstone, respectively. Also the specific storage and
permeability as a function of effective confining pressure are shown in Figures 3 and 4,
respectively, for both rock types. The hydraulic parameters are severely effective-stress
dependent in Westerly granite, but much less dependent in Fontainebleau sandstone. We cannot
compare directly these distinct behaviors because of the huge difference in the effective stress
range. Even so, we believe that this discrepancy is related to the difference in the shape of pores
between the two rock types.

Table 1. Hydraulic test condition and result in Westerly granite (P : the effective confining stress).

*

Peir Q S, S dp/dt AP S, k
MPa m®/sec m®/Pa m®/Pa Pa/sec Pa Pa’ m?
21.39 1.05x10%° | 6.48x10™* | 1.03x10™ | 1590 | 1774300 | 4.22x10™%? | 3.94x10%
17.50 1.05x10%° | 6.35x10™ | 1.03x10™ | 1613 | 1557300 | 1.48x10™" | 5.43x10%
14.00 1.05x10™° | 6.20x10™ | 1.03x10™ | 1620 | 1399300 | 4.37x10™ | 8.74x107%
10.33 1.05x10™ | 6.10x10™ | 1.03x10™ | 1560 | 1209600 | 1.30x10™° | 1.86x10™"°
7.24 1.05x10%° | 6.08x10™* | 1.03x10™ | 1493 | 1128100 | 2.09x10™%° | 2.75x10™"

38




Table 2. Hydraulic test condition and result in Fontainebleau sandstone.

Pt dp/dt S, Sq Q AP S, k
MPa Pa/sec m®/Pa m®/Pa m®/sec Pa Pa* m?
280 | 5.0x10° | 2.10x10™* | 2.28x10™ | 2.76x107 | 148000 2.33x10° | 8.17x10™
280 1.0x107 | 2.10x10™* | 2.28x10™ | 5.26x107 | 303000 2.27x10° | 7.62x10™*
240 | 5.0x10° | 2.13x10™ | 2.31x10™ | 2.47x107 | 147000 2.21x10° | 7.38x10™
240 1.0x107 | 2.13x10™ | 2.31x10™ | 4.89x107 | 269000 2.20x10° | 7.99x10™
200 | 5.0x10° | 2.17x10™ | 2.35x10™ | 2.20x107 | 118000 2.11x10° | 8.22x10™
200 1.0x107 | 2.17x10™* | 2.35x10™ | 4.42x107 | 244000 2.11x10° | 7.99x10™*
140 | 5.0x10° | 2.25x10™ | 2.42x10™ | 2.00x107 | 110000 2.05x10° | 8.04x10™
140 1.0x107 | 2.25x10™* | 2.42x10™ | 4.02x107 | 235000 2.05x10° | 7.56x10™

rock specimen piston

|
downstream X upstream
0 L

Figure 1. Schematic diagram of the test system.
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Figure 2. An example of test record for Westerly granite. Fluid injection with a constant flow rate
was conducted at several different levels of pore pressure. Injection was continued until a linear
segment of pressure increase at both reservoirs was clearly shown after the transient stage. Note

that the differential pressure AP decreases with increasing pore pressure.
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Figure 3. Variation of specific storage as a function of average effective confining pressure for (a)
Westerly granite and (b) Fontainebleau sandstone. Confining pressure was constant at 35 MPa and 320
MPa for Westerly granite and Fontainebleau sandstone, respectively.
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Figure 4. Variation of permeability as a function of average effective confining pressure for (a) Westerly
granite and (b) Fontainebleau sandstone. Confining pressure was constant at 35 MPa and 320 MPa for
Westerly granite and Fontainebleau sandstone, respectively.
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Summary

Imaging the permeability within the earth has been an important unsolved problem of acoustics
and seismic. Usually the measured attenuations by acoustic and seismic methods are too large to
use them for inversions of permeability based on the poro-elastic theories. The apparent
attenuations by volume scattering due to the acoustic velocity fluctuations are found to be the
major parts (30 to 90 %) of the measured attenuations at an acoustic wave frequency of 4 kHz.
When these scattering attenuations are removed from the measured attenuation, the
experimentally measured intrinsic attenuations become comparable to the attenuations predicted
by the poro-elastic theory of Biot, enabling the permeability image inverted from the measured
intrinsic attenuations and the acoustic velocities. The permeability image of the fracture zone
inverted by the inverse theory agrees excellently with the measured permeability of fracture zone
300 md by injection tests.

Introduction

Can permeability be measured by acoustic and seismic methods? This question has been asked
since M. Biot (1956) published the poro-elastic theory of acoustic wave propagation through
fluid-saturated porous earth materials. Experimental data from the fields and in the laboratories
at all frequencies showed that the measured attenuations are much higher than the attenuation
predicted by the Biot theory (Pride et al., 2003). In this paper, the case of fractured hard shale
having acoustic velocity of the order of 5.5 km/s is reported. The apparent attenuations from
volume scattering are calculated using the scattering theory by Yamamoto (1996) using velocity
and density fluctuations measured by a crosswell tomography experiment at a frequency of 4
kHz. The Biot theory and an empirical elasticity-porosity relation were combined to make a
permeability-porosity inversion theory. The inverted permeability image is campared with the
injection test results conducted at the fracture zone.

Permeability Inverse Theory

The theory of volume scattering is given in Yamamoto (1996). The scattering attenuation Q%
the total attenuation Q™w, and the absorption due to the viscosity p of pore fluid, Q4 are
related by, Q'ws =Q 'ww —Q%. The elastic moduli of a fractured rock are affected by porosity
¢. For carbonate rocks, Yamamoto (2003) found the following relationship between the elastic
moduli of the rock frame and the porosity, K = K, (1—¢)", where K is the bulk modulus of the
frame, K; is the bulk modulus of solid, and n is the power law constant (n = 3.8). A constant
Poison’s ratio of the rock solid and the frame of the rock is found to be:v =0.286. It has been

assumed that these relationships also hold for the fractured hard shale that is treated in this paper.
The values of the bulk modulus, shear modulus, and plane wave modulus of the solid of the rock
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are found to be: K, =4.85e10 (Pa), G,= 2.42 (Pa), and M, = 8.06 (Pa). The porosity of the
fractured rocks is inverted iteratively from the measured acoustic wave velocity Vp through:
g=1-(M/M )", and M ={p,(1-¢)+ p,¢ N.°, where p, is the density of the solid, and
p; Is the density of the pore-fluid. We now know all the elastic moduli of the skeletal frame

and the solid of rocks as well as the porosity of the rocks for a given measured P-wave velocity
at a given frequency. Only the permeability k and the added mass coefficient C, of the skeletal
frame are unknown. The added mass coefficient of the fused glass beads measured by Polona
and Johnson (1984) is 0.35, which was used for the added mass coefficient of the skeletal frame
of the fractured rocks in this study. The permeability k is obtained by finding the roots of the
implicit quadratic equation in k formed by equating the theoretical intrinsic attenuation

Q theory(K) and the experimentally measured absorption Q tass , Q “teory(K) - Q"as = 0. The
implicit expression Q neory (K) is given by the Biot theory.

Experiment

The crosswell tomography experiments were conducted at the basement for a multi-purpose dam
located in Gifu Prefecture of Japan. The main component of the rocks is the green shale but the
rocks have sporadic thin potion of limestone randomly included in the green shale. Two open
holes of 60 mm in diameter were drilled down to 70 m below the basement surface with a
fracture zone between wells that are separated by a horizontal distance of 40 m. A 45 mm
diameter x 400 mm long cylindrical piezoelectric source with a 180 dB broadband output at
center frequency of 4 kHz was used to emit a 4095 cycle PRBS signals. The receiver array
consists of 16-channel hydrophones (Bentoth model AQ-10) having an inter-element separation
of 1 m. Figure 1 shows example source gather data of the arrival wave fields after correlation.
The first arrival travel time and amplitude inversion method by Bregman et al. (1989 a and b)
was used for the velocity and attenuation inversions.

Results

Acoustic velocity tomogram. The acoustic velocity tomogram inverted from the first arrival time
data of the PRBS arrival wave fields is shown in Figure 2. Relatively low velocity area below
the high velocity area indicates the possible existence of fracture zones within in Figure 2.

Total attenuation, scattered attenuation, and absorption. The total measured attenuation (Figure
3a), the calculated scattered attenuation (Figure 3b), and the absorption (the total attenuation
minas the scattered attenuation) (Figure 3c) for the fractured hard rock are shown to demonstrate
the effect of scattering on the acoustic wave attenuation. After removing the scattering
attenuation (Figure 3b) from the total attenuation (Figure 3a), the fractured zone is clearly
revealed in the absorption image in Figure 3c.

Permeability images. The permeability image inverted from the velocity image (Figure 2) and
the absorption image (Figure 3c) using the Biot (1956a) theory is shown in Figure 4. The
fracture zone with permeability of roughly 300 md is clearly imaged. The injection tests
performed at the fracture zone also measured the permeability of roughly 300 md providing a
perfect agreement.
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Conclusions

The long lasted mystery of the large discrepancy between the observed attenuation and the much
smaller intrinsic attenuation predicted by the Biot (1956) theory has been resolved: the cause of
the large discrepancy was found to be the apparent attenuation due to the scattering of the
incident acoustic waves by velocity fluctuations. The removal of the apparent scattering
attenuation from the measured total attenuation clearly revealed the intrinsic attenuation image of
the fracture zone where the attenuation is actually from the acoustic energy dissipation due to the
viscosity of pore-fluid undergoing the Darcy flow.
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Figure 1. Example source gather data. Figure 2. Velocity tomogram.
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Introduction

The emplacement of nuclear waste into the proposed repository at Yucca Mountain is expected
to result in a period of several hundred to over a thousand years in which the rock that surrounds
emplacement drifts (i.e., the near-field) has been heated to above-boiling temperatures.
Predictions of the thermal response at a larger scale indicate that much of the unsaturated zone
(UZ) both above and below the repository would also experience significantly elevated
temperatures. A considerable amount of research has therefore focused on the effects of long-
term heating on the thermal, hydrological, mechanical, and chemical evolution of the UZ over
time periods on the order of 100,000 years.

The performance of the proposed nuclear waste repository at Yucca Mountain has been linked to
three main issues that have a direct relation to coupled thermal, hydrological, and chemical
(THC) processes. First, there is the effect of mineral precipitation in fractures above the
emplacement drifts, potentially leading to the formation of a low permeability “cap” and
resulting in changes to drift seepage. The second major issue is the chemistry of water that could
potentially seep into drifts and the composition of the gas in the drifts, which together have a
strong influence on corrosion processes that may take place at the surface of the waste package.
Finally, at a larger spatial scale, the effects of elevated temperatures on the mineralogical and
hydrological characteristics of the vitric and zeolitic units, primarily below the repository, could
have a significant impact on the transport of radionuclides and their retardation via ion exchange,
sorption, and matrix diffusion. The thermal load of the proposed repository will also markedly
control the importance and extent of these processes (Spycher et al., 2003a).

In this paper, we address only thermal-hydrological-chemical (THC) processes, yet it should be
recognized that mechanical effects (e.g., fracture closure or slip) could modify the permeability
evolution of the system (Rutqvist and Tsang, 2003). Such mechanical changes, however
important, are unlikely to significantly alter the important chemical processes. The investigations
into THC processes have included laboratory experiments, large-scale in sifu heater tests,
geochemical/isotopic sampling and analyses, natural analogues, geochemical modeling, and
reaction-transport modeling. Progress in the development of conceptual and predictive models
for THC processes to address these issues, results of the analyses, and their validation through
comparison to thermal test measurements are summarized in this contribution.
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Conceptual Models for THC Processes and Their Validation

The chemical evolution of waters, gases, and minerals in the UZ is intimately coupled to
thermal-hydrological processes that involve liquid and vapor flow, heat transport, boiling and
condensation, drainage through fractures, and fracture-matrix interaction. The conceptual model
for THC processes must consider aqueous and gaseous species transport and water-gas-rock
reactions, leading to changes in mineral assemblages and abundances. The distribution of
condensate water in the fracture system, as well as the spatial and temporal evolution of the
boiling zone, determines where mineral dissolution and precipitation can take place and where
there can be direct interaction (via diffusion) between matrix pore waters and fracture waters.
Finally, changes in hydrological properties (i.e., porosity, permeability, and capillary pressure)
must be linked to mineral dissolution and precipitation.

TH processes in the fractured welded tuffs at Yucca Mountain have been examined theoretically
and experimentally since the early 1980s (Pruess et al., 1984; 1990; Buscheck and Nitao, 1993;
Tsang and Birkholzer, 1999; Kneafsey and Pruess, 1998). To summarize the important TH
processes, heat conduction from the drift wall into the rock matrix results in vaporization and
boiling, with vapor migration out of matrix blocks into fractures. The vapor moves away from
the drift through the permeable fracture network by buoyancy and by the increased vapor
pressure caused by heating and boiling. In cooler regions, the vapor condenses on fracture walls,
where the condensate water then drains through the fracture network either down toward the heat
source, or into the rock underlying the heat source. Imbibition of water from fractures into the
rock matrix leads to increases in the liquid saturation. A dryout zone may develop closest to the
heat source, separated from the condensation zone by a nearly isothermal zone maintained at
about the boiling temperature. Where characterized by a continuous process of boiling, vapor
transport, condensation, and migration of water back to the heat source (either by capillary forces
or gravity drainage), this nearly isothermal zone has been termed a heat pipe (Pruess et al.,
1990). Recently, validation of the TH models and the associated uncertainties, based on
comparson to measurements from the Drift Scale Test, have been presented by Mukhopadhyay
and Tsang (2003).

Extensive experimental and geochemical modeling studies of water-rock reactions had been
performed for several years prior to the thermal tests (e.g., Knauss et al., 1986; Murphy and
Pabalan, 1994; Glassley and Boyd, 1994). Preliminary reactive transport modeling as well as
analyses of possible mineral alteration paths were also presented by Lichtner and Seth (1996),
Sonnenthal et al. (1997), and Hardin (1998). The development of conceptual models of coupled
THC processes were extended greatly for predictions of the Drift Scale Test (Sonnenthal et al.,
1998; Xu et al., 2001) along with continued model and code development and validation
performed using chemical measurements of gas and water samples (Sonnenthal et al., 2001a).

Results of these studies have demonstrated that the TH processes of boiling, vapor transport,
condensation, and drainage lead to strong differences in aqueous species concentrations in
fractures relative to the rock matrix, as well as to different effective reaction rates. These strong
differences necessitate the use of multiple continuum models (e.g., dual-permeability) to capture
chemical as well as pressure gradients. The effects of TH processes on water chemistry further
depend on the behavior of the dissolved species with respect to mineral-water reactions.
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Conservative species (i.e., those that are unreactive and nonvolatile), such as chloride (CI"),
become concentrated in waters undergoing vaporization or boiling, but are essentially absent
from the vapor condensing in the fractures. Therefore, the concentration of conservative species
in the draining condensate waters is determined by mixing with fracture pore waters and
diffusive mixing with matrix pore waters. In addition to these processes, concentrations of
aqueous species such as calcium (Ca™) are also affected by mineral dissolution or precipitation
(e.g., calcite), but as well by reactions involving other Ca-bearing minerals such as zeolites,
clays, and plagioclase feldspar. Even though the variation in aqueous species in space and time
has been generally captured by models of the Drift Scale Test, the variation in pore-water
compositions over the repository footprint will lead to a greater range in the chemistry of
potential seepage waters (Spycher et al., 2003b).

Another important aspect of the system is the exsolution of CO, from the liquid phase as
temperature increases. The exsolution of CO; in the boiling zone results in a local increase in pH,
and a decrease in pH in the condensation zone into which the vapor enriched in CO, is
transported and condensed. The extent to which the pH is shifted depends also on the rates of
mineral-water reactions. Because the diffusivities of gaseous species are several orders of
magnitude greater than those of aqueous species, and because the advective transport of gases
can be more rapid than that of liquids, the region where CO, degassing affects water and gas
chemistry can be much larger than the region affected by the transport of aqueous species. This
effect has been predicted in the long-term mountain-scale THC simulations, as well as
documented in the Drift Scale Test measurements (Conrad and Sonnenthal, 2001).

The distribution of precipitating mineral phases is strongly related to differences in solubility as a
function of temperature. Precipitation of amorphous silica is likely to be confined to a narrow
zone where evaporative concentration from boiling exceeds its solubility. In contrast, calcite may
precipitate in fractures over a broad zone of elevated temperature, because of its lower solubility
at higher temperatures. Although there has been documented evidence of mineral precipitation in
fractures in the boiling zones of the thermal tests, detailed analyses have not been performed to
map out the spatial distribution sufficiently, or to investigate mineral zonation within the rock
matrix adjacent to a fracture, in a similar manner to that observed as a function of distance along
a transport path (e.g., Steefel and Lichtner, 1998).

Evidence for complete sealing of fractures by mineral precipitation has been documented in
laboratory experiments, yet extrapolation of these results over the time scales of repository
heating, and considering the range of expected percolation fluxes, suggests that complete sealing
is not likely to take place (Dobson et al., 2003). Natural heterogeneity in fracture aperture also
plays a role in the modification of hydrological properties, as water-rock reactions have been
shown to be favored in the smaller aperture fractures where greater capillary suction leads to
higher liquid saturations (Sonnenthal et al., 2001b). Therefore, mineral precipitation in
unsaturated heterogeneous fractured rock is likely to result in an increase in focused flow
because of preferential filling of smaller aperture fractures.
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Conclusions and Remaining Uncertainties

The overall conclusions and uncertainties regarding THC effects on the UZ at Yucca
Mountain—reached through combined experimental, theoretical, and numerical modeling
studies—are as follows:

(1) The development of a continuous mineralized cap above the proposed repository is
unlikely, yet some flow focusing may result in local increases in the percolation flux. The
main uncertainties that remain are related to effects of local differences in the fracture
aperture, the effect of lithophysal cavities on vapor and water flow, the extent of three-
dimensional flow focusing, and also in future climate changes leading to increased
percolation fluxes.

(2) The major element chemistry of potential seepage water is different from that originally
predicted based on saturated zone water samples, but has a fairly narrow range in
composition (about one order of magnitude for many components) that is fairly well-
bounded by measurements and modeling. The outstanding uncertainties are primarily
related to the unknown spatial distribution of percolating water compositions and to the
limited number of samples from proposed repository host rocks. In addition, the chemistry
of minor elements and some species important to corrosion (e.g., nitrate) are less well
known.

(3) Some mineralogical alteration of the vitric and zeolitic tuffs is likely, yet will be limited
owing to the relatively short time over which temperatures are elevated, and because the
maximum temperature will generally remain below about 80°C in these units.
Quantitative prediction of the alteration of vitric and zeolitic tuffs is limited by the greater
uncertainties in the thermodynamic and kinetic data for reactions involving volcanic glass
and zeolites.
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Plumbing the Depths: Magma Dynamics and Localization
Phenomena in Viscous Systems
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Understanding fluid flow in fractured rock is one of the most challenging problems in coupled
fluid/solid mechanics. For this reason, I work on the somewhat easier problem of reactive fluid-
flow in viscously deformable, permeable media. Nevertheless, the magma migration problem
has some features that may be useful for understanding fluid flow in brittle media within a
more tractable theoretical framework that also allows exploration of large scale coupled
melt/solid dynamics in the Earth’s mantle. This abstract and presentation review results and
progress on this problem.

The initial formulation of the magma migration problem is due to McKenzie (1984) and others
(i.e., Scott and Stevenson, 1984, 1986; Fowler, 1985) who derived a system of conservation
equations describing the behavior of two interpenetrating continua: a low viscosity fluid in a
creeping, permeable solid. The important feature of this formulation is a consistent coupling of
fluid pressure and permeability with solid stresses and deformation. In the limit of infinite solid
viscosity, these equations reduce to the standard formulation for fluid flow in rigid porous
media. However, the addition of a viscous rheology and solid deformation allows a host of new
behavior ranging from melt-driven solid convection to non-linear porosity waves. The physics
of the equations for mass and momentum conservation are described in detail in Spiegelman
(1993a,b), suggesting that magma migration is inherently time-dependent. These equations have
also been applied to model Earth science problems such as the behavior and chemical
consequences of melt-transport beneath mid-ocean ridges (e.g., Spiegelman, 1996). While these
results suggest that the flow of the solid can have observable consequences on melt chemistry,
these initial calculations assumed that melt flow was essentially distributed. This assumption,
however, is at odds with field and chemical observations that suggest that magma migration in
the mantle is localized into some form of “channel” network (e.g., Kelemen et. al, 1997).

More recently, the formulation has been extended to investigate several mechanisms for flow
localization. The first mechanism is channelization by reactive fluid flow in a solubility gradient
(Aharonov et. al., 1995). This problem was motivated by observations of “replacive dunites”
seen in ophiolites which have been interpreted to be relic melt channels where one of the
principal phases (orthopyroxene) has been dissolved out of the matrix (e.g., Kelemen et. al,
1995). Full numerical solutions (Spiegelman et. al, 2001) in a static medium show that this
mechanism can produce strong channeling in sufficiently reactive systems. The compactibility
of the solid matrix actually enhances this instability by allowing the regions between channels to
compact to near impermeability. This compaction is driven by lower fluid pressures within the
channels that extract melt from the inter-channel regions. The spontaneous development of a
two-porosity system has significant effects on the trace element signature of melts in these
systems and can lead to extreme chemical variability even from a chemically homogeneous
source (Spiegelman and Kelemen, 2003). We are currently exploring the full stability of reactive
flow in adiabatically melting systems.
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In addition to chemical mechanisms for localization, we have also been exploring purely
mechanical processes that may have some bearing on crack-forming systems. Again, this work
has been motivated by observations, this time of laboratory experiments which demonstrate
spontaneous generation of melt rich bands in multi-phase mixtures undergoing simple shear
(Holtzmann et al., 2003). These experiments provide, for the first time, the ability to validate
the general framework. So far the results are encouraging. A linear stability analysis
(Spiegelman, 2003) shows that low-angle melt-rich shear bands are admitted by the equations
and form by an interaction of shear with a melt weakening solid shear-viscosity. Weaker regions
preferentially dilate under shear reducing the pressure within the weak region which draws in
further melt in a runaway affect. The linear analysis has no preferred wave-length of instability,
however, initial non-linear calculations suggest that a screening effect or surface energy effects
could provide a short wavelength cut-off as is observed in the experiments.

In general, we suspect that a combination of chemical and mechanical mechanisms are
responsible for the observed localization in magmatic systems. To date, we have only explored
purely viscous problems, however, it is likely that elastic or visco-elastic mechanisms may also
contribute. The basic formulation should be extendible to elastic and brittle systems and should
eventually be made consistent with current work for fractured media.
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Abstract

Ethylene dibromide (EDB) and 1,2 dichloroethane (1,2-DCA) are highly toxic organic chemicals
added to all leaded gasoline in the U.S. since the mid-1920s. These chemicals are relatively
soluble in water, they are mobile in the subsurface, and they appear to be resistant to
biodegradation. Past investigations and remediation efforts at sites contaminated by leaded
gasoline have rarely addressed the potential for EDB or 1,2-DCA contamination. There is a
substantial likelihood that undetected EDB and 1,2-DCA groundwater plumes above drinking
water standards may exist at tens of thousands of sites where leaded gasoline has leaked or
spilled.

Introduction

Groundwater contamination by gasoline and other hydrocarbon fuels is common throughout the
industrialized world. In the US, there 